Mitoxantrone, an FDA-approved therapeutic for the treatment of cancer and multiple sclerosis, was previously reported to exhibit antiviral activity against vaccinia virus. To determine whether this activity extends to other orthopoxviruses, mitoxantrone was tested against cowpox and monkeypox. Mitoxantrone demonstrated an EC 50 of 0.25 μM against cowpox and 0.8 μM against monkeypox. Intraperitoneal treatment of cowpox virus-challenged C57Bl/6 mice with 0.5 mg/kg mitoxantrone resulted in 25% survival and a significant increase in survival time. In an effort to improve its efficacy, mitoxantrone was tested for synergistic activity with cidofovir. In vitro tests demonstrated significant synergy between the two drugs against cowpox; however, no synergistic effect on animal survival or median time-to-death was seen in intranasally-infected BALB/c mice. Significantly fewer animals survived when treated with a combination of 0.5 mg/kg mitoxantrone and 100 mg/kg cidofovir than with 100 mg/kg cidofovir alone. This is, to our knowledge, the first report of limited anti-orthopoxvirus activity by mitoxantrone in an animal model.
have been shown to be efficacious against orthopoxviruses both in animal models and clinically (Altmann et al., 2011; De Clercq, 2002; Vora et al., 2008) , thus illustrating the utility of this strategy.
The FDA-approved anti-cancer and anti-multiple sclerosis drug mitoxantrone (MXN) , an anthracycline derivative, is an intercalating agent and inhibits topoisomerase II function resulting in impaired cellular DNA replication and RNA synthesis (Fox, 2004) . Recently, MXN was shown to have anti-vaccinia virus (VACV) activity in tissue culture but not in mice (Deng et al., 2007) . Surprisingly, MXN blocked virion assembly rather than DNA replication or RNA synthesis (Deng et al., 2007) . Although the mechanism of this inhibition is unclear, it has been suggested that MXN targets viral DNA ligase and the recruitment of host-cell topoisomerase II to the site of viral replication (Lin et al., 2008) .
In vivo efficacy of a drug against one orthopoxvirus is not necessarily a reliable predictor of activity against other related viruses. For example, both cidofovir and tecovirimat (ST-246), a poxvirus egress inhibitor in phase II clinical trials, have shown a range of activity against different poxviruses De Clercq, 2002; Duraffour et al., 2007; Yang et al., 2005) . Thus, MXN's lack of in vivo activity against VACV (Deng et al., 2007) does not preclude the possibility that it could be effective against other orthopoxviruses. Recently, MXN was identified as a possible inhibitor of cowpox virus (CPXV) and MPXV infection during a high-throughput screen of synthetic compound libraries (manuscript in preparation). Based on these findings, we evaluated whether MXN, either alone or in combination with CDV, was active against MPXV in vitro and against CPXV in vitro and in vivo.
We first tested the ability of MXN to inhibit CPXV and MPXV infection in tissue culturestudies analogous to those by Deng et al. with VACV(Deng et al., 2007) . One step growth curves of CPXV ( Figure 1A ) and MPXV ( Figure 1B ) in the presence of 1 μM MXN were performed on BSC-1 cells. Cowpox growth was significantly inhibited in the presence of MXN, with virus titers remaining essentially constant over 36 hrs ( Figure 1A ). In contrast, in the absence of the drug CPXV had a 100-fold increase in virus titer by 36 hrs post-infection. Mitoxantrone did not reduce MPXV replication to the same degree as it did CPXV, although the reduction was significant after 12 hours post-infection ( Figure 1B) . The 50% cytotoxic concentration (EC 50 ) of MXN was at least 16 μM, indicating the antiviral effects observed were not due to drug toxicity (data not shown). To determine the 50% effective concentration of MXN, the effect of the drug on expression of green fluorescent protein (GFP) from recombinant CPXV(CPXV-GFP) and MPXV(MPXV-GFP) was determined. GFP intensity was measured in BSC-1 cells infected at a MOI of 1 with recombinant viruses in the presence of increasing concentrations of MXN at 48 hours postinfection. As was seen with the one step growth curves, MXN was more effective against CPXV-GFP (EC 50 = 0.25 μM) than against MPXV-GFP (EC 50 = 0.8μM) ( Figure 1C ).
To date, few immunocompetent small-animal models of MPXV infection have been described (Americo et al., 2010; Hutson et al., 2009; Tesh et al., 2004) and only one of these, prairie dogs, has been used to evaluate anti-monkeypox drug efficacy (Smith et al., 2011) . As none of these models has been fully characterized, the in vivo efficacy of MXN was tested only against CPXV in well-established mouse models of infection. To determine whether MXN was effective against CPXV in vivo, 0.25 mg/kg or 0.5 mg/kg of drug was administered intraperitoneally to 4-6 week old female C57Bl/6 mice one day postintraperitoneal inoculation. Log-rank tests were performed comparing survival times between the two MXN treatment groups relative the mock-treated group. A p-value of 0.025 was considered statistically significant, after a Bonferroni correction for the comparisons of the two MXN dose groups to the mock-treated The lower dose of MXN significantly improved the survival time of infected animals, with the median day-of-death (MDD) in infected animals increasing from day 7 to day 9 (p=0.0015). The 0.5 mg/kg dose of MXN improved the MDD to 12 days (p= 0.0005). Twenty-five percent of the animals treated with 0.5 mg/kg MXN survived compared to 5% of mock-treated animals ( Figure 2 ). Administration of higher levels of MXN or additional dosages were not beneficial (data not shown).
Concentrations of MXN higher than those used here can be toxic in mice ( (Deng et al., 2007) and data not shown). One strategy that can be used to mitigatetoxicity issues is to use a combination of drugs for treatment that display synergistic activity, thereby reducing the concentration of the individual drugs needed to see an antiviral effect. To evaluate the possibility that MXN could act synergistically in combination with other drugs, MXN was screened for in vitro synergy with CDV against CPXV-GFP. Infected BSC-1 cells were incubated for 24 hours with increasing concentrations of MXN and CDV either separately or in combination. Synergy (percent inhibition above calculated) was determined using the MacSynergy ™ II software (Prichard and Shipman, 1990) . Mitoxantrone showed significant synergistic activity in combination with CDV (Figure 3) , with a peak volume of 324.06 μM 2 %. In vitro peak volumes above 100 μM 2 % are considered to be highly predictive of in vivo efficacy (MacSynergy ™ II software manual).
To determine if the significant synergistic activity against CPXV observed between MXN and CDV in tissue culture extended to in vivo models, MXN and CDV were tested in an established model of CDV synergy (Quenelle et al., 2007) . BALB/c mice challenged intranasally with CXPV were treated 1 day post-challenge with MXN (0, 0.25 mg/kg, or 0.5 mg/kg) and CDV (0, 3 mg/kg, 10 mg/kg, 30 mg/kg, or 100 mg/kg). Log-rank tests were performed to compare the survival times between different treatment groups. Comparisons of the CDV-only groups were relative to the mock-treated animals. Within CDV groups, comparisons of CDV + MXN were made relative to those receiving CDV-only. Mitoxantrone exhibited aminimal effect on survival when used alone against CPXV (Table  1) . The use of MXN in combination with CDV had a minimal effect on survival relative to the use of CDV alone. Fewer animals survived treatment with 100 mg/kg CDV and 0.25 mg/ kg or 0.5 mg/kg MXN compared to that dose of CDV alone. This trend was suggestive of MXN in combination with high doses of CDV being detrimental to animal survival, although the data did not meet our criteria for significance(p=0.0135; Table 1 ). Overall, these data show that MXN has minimal in vivo synergistic activity in combination with CDV against CPXV in BALB/c mice.
In summary, we evaluated MXN, an anthracycline derivate that had previously been characterized as an in vitro inhibitor of VACV infection (Deng et al., 2007) , for activity against CPXV and MPXV. Both viruses were sensitive to MXN in vitro (Figure 1) , and MXN increased the MDD of C57Bl/6 mice infected with a lethal dose of CPXV (Figure 2 ). An in vitro screen for synergy between MXN and CDV indicated that MXN may be more effective in vivo in combination with CDV than when used alone (Figure 3 ), but this was not observed in our animal study (Table 1) . Mitoxantrone has demonstrated several immunomodulatory activities in addition to its anti-tumor proliferation activity, including the suppression of B-and T-cells and the promotion of a TH2-type cytokine response (Fidler et al., 1986a; Fidler et al., 1986b; Vogelgesang et al., 2010) . Such immunomodulation can be beneficial for treating autoimmune disorders such as multiple sclerosis. Clearance of poxvirus infections, however, requires both B-and T-cell activity, and, at least in the case of ectromelia virus, a TH1 cytokine response (Chaudhri et al., 2006; Chaudhri et al., 2004; Xu et al., 2004) . It is therefore possible that the immunomodulatory activity was enough to negate any in vivo synergistic activity between MXN and CDV.
In agreement with a previous report which found that MXN exhibited no in vivo activity against intranasal VACV infection in BALB/c mice (Deng et al., 2007) , we observed no efficacy against intranasal CPXV infection in BALB/c mice. Mitoxantrone did, however, demonstrate efficacy when used to treat intraperitoneally-infected C57Bl/6 mice, suggesting that differences in the route of infection and in mouse strain susceptibility to infection may influence MXN's efficacy. While related anthracenediones have been reported to have in vivo antiviral activity against viruses unrelated to poxviruses (Dang et al., 2009; Sill et al., 1974) , to our knowledge this is the first report of limited in vivo antiviral activity by MXN against poxviruses.
Highlights
FDA-approved drug mitoxantrone had in vitro activity against cowpox and monkeypox.
Mitoxantrone increased survival time and survival rate in C57Bl/6 mice infected intraperitoneally with cowpox.
Mitoxantrone showed significant in vitro synergy with cidofovir against cowpox.
No synergy was observed in vivo between mitoxantrone and cidofovir versus cowpox in intranasally-infected BALB/c mice.
Feweranimals survived treatment with 0.5 mg/kg MXN and 100 mg/kg CDV compared to that dose of CDV alone. Mitoxantrone was tested for efficacy against CPXV (A, C) and MPXV (B, C). A) and B), One step growth curves on BSC-1 cells in the presence (dotted lines) and absence (solid lines) of 1 μM MXN. Cells were treated with MXN for 12 hrs prior to infection at a multiplicity of infection (MOI) of 3. Cell lysates were harvested at the indicated times postinfection and titered for virus by serial 10-fold dilution on BSC-1 cells. Virus yield in the presence of MXN was significantly reduced compared to untreated samples ( †, p <0.01; *, p< 0.001). C) EC 50 curves for CPXV-GFP (closed circles) and MPXV-GFP (open circles). Fluorescent intensity was read at 520 nm using a SpectraMax M microplate reader (Molecular Devices, Sunnyvale, CA). Data are representative of three independent experiments. Error bars represent the standard deviation of the mean for one experiment. Female C57Bl/6 mice were inoculated intraperitoneally with 1 × 10 6 PFU CPXV. One day post-inoculation, animals (n=20) received 0.5 mL of MXN at the indicated dosage or saline solution intraperitoneally. Data are a compilation of two independent experiments. KaplanMeier survival curves plot the survival times by dose. The lower dose of MXN significantly improved the survival time of infected animals, with the median day-of-death (MDD) in infected animals increasing from day 7 to day 9 (p=0.0015; log-rank test), while 0.5 mg/kg of MXN improved the MDD to 12.5 (p= 0.0005; log-rank test). All animal procedures were approved by the NIAID Animal Care and Use Committee and adhered to National Institutes of Health policies. Mitoxantrone was tested for synergistic activity with cidofovir against CPXV. Triplicate plates of BSC-1 cells were infected at a m.o.i. of one with CPXV-GFP in the presence of increasing concentrations of both drugs, either independently or in combination. The intensity of the GFP signal was measured 24 hrs post-infection, and data were analyzed using the MacSynergy ™ II software. (A) Isobologram. (B) 3D representation of inhibition curves. Data are representative of three independent experiments. Peak volume of synergy was 324.06 μM 2 %; volumes above 100 μM 2 % are considered to be highly predictive of in vivo efficacy Table 1 In vivo synergistic activity of mitoxantrone against cowpox in BALB/c mice, with and without cidofovir 
